INTRODUCTION
============

Cleft palate (CP), cleft lip (CL), cleft lip with or without palate (CL/P) is the most common cranio-facial anomaly and the fourth most common birth defect identified in the newborn, affecting approximately 6 to 10 individuals per 1000 in the United States \[[@B1]\]. CP or CL is associated with speech deficits, hearing impairment, deficient mid-facial growth, severe dental malocclusion, and psychosocial dysfunction. Early treatment of these anomalies decreases long-term morbidity and decreases healthcare costs \[[@B2]\]. The etiologies of orofacial clefts include xenobiotic and nutrient metabolism, maternal smoking, and alcohol and drug consumption during pregnancy \[[@B3]\].

Studies have examined the adverse effects of ambient air pollutants on the fetus and newborn \[[@B6],[@B7]\]. Modern pollution resulting from vehicle traffic and industrial production yields numerous ambient pollutants. Maternal exposure to such air pollution results in adverse fetal outcomes that include low birth weight, preterm birth, heart defects, congenital anomalies, infant mortality, and orofacial cleft anomalies \[[@B8]\]. Specifically, the effects of air pollutants such as nitrogen oxides (NO~x~), sulfur dioxide (SO~2~), ozone (O~3~), carbon monoxide (CO), and particulate matter less than 10 µm in diameter (PM~10~) on newborn outcomes have been studied. The biologic mechanisms by which air pollutants may cause orofacial cleft anomalies are not well understood, but include mutations in fetal DNA that interfere with cellular apoptosis, anoxic events, oxidative damage, and toxicity to select fetal cell populations \[[@B7],[@B12]\].

Air pollutants inhaled in concentrated form, such as maternal smoking of tobacco products, can result in fetal anomalies such as orofacial clefts \[[@B13]\]. However, air pollutants in public airspaces can be diluted by the huge volume of public airspaces, and may reach a fetus only in tiny concentrations during the limited time window during gestational development when the pollutants could affect palate and lip development. Also, wind may rapidly disperse concentrated air pollutants, reducing the total number of incidents when a pregnant woman is exposed to significant concentrations of air pollutants. This meta-analysis helps to answer if diluted air pollutants such as NO~x~, SO~2~, O~3~, CO and PM~10~ correlate with the development of orofacial cleft anomalies in a fetus. Particular matter less than 10 µm in diameter \[[@B14]\] was assessed in this meta-analysis for its potential correlation with orofacial cleft anomalies because it is small enough to penetrate deeply into the bronchioles of the lungs. Particulate matter less than 2.5 µm in diameter (which often originates from diesel engine exhaust) is small enough to pass from the lungs into the bloodstream and in theory reach a developing fetus.

The aim of this study was to undertake a systematic review and meta-analysis to assess the correlation between air pollutants and the development of orofacial cleft anomalies, and to determine whether air pollutant exposure is a significant risk factor for the development of orofacial cleft anomalies in the newborn.

MATERIAL AND METHODS
====================

**Search methods**

To identify studies that examined the correlation between ambient air pollution and clefts, a literature survey was conducted, locating studies in a date range from January 1980 to December 2012. Articles were searched using the MEDLINE search engine (National Library of Medicine), Google Scholar, and Embase by Elsevier, using terms such as "air pollution", "cleft lip", "cleft palate", "carbon monoxide", "ozone", "sulfur dioxide", "nitrogen oxide", "nitrogen dioxide", and "aerodynamic diameter." Additional articles were identified from the respective references lists of the publications identified using the three databases.

**Selection criteria and data collection**

Studies with quantitative data on the correlation between air pollutants and orofacial clefts were considered. From this list, articles were selected that: 1) were written in English; 2) studied exposure to CO, O~3~, NO~x~, PM~10~, SO~2~, or a combination of these; 3) studied exposure to environmental or ambient air pollution but not smoking 4) measured as outcomes CL only, CP only, or cleft lip and palate (CLP); 5) included only human subjects. Sample size was not an exclusionary criteria in the present search, although all of the studies utilized large population cohorts, presumably because investigators believed that large cohorts were needed to detect correlations between air pollution and frequency of orofacial cleft anomalies and to reduce the bias that confounding variables may have had on the frequency of orofacial cleft anomalies. Two independent reviewers analysed the selected articles to determine if articles met the inclusion criteria. Conflicts between reviewers were resolved by discussion. The data extracted from each paper included the sample size, methods and measurement, covariates, statistical analysis, and outcomes. A review protocol was not created as a formal written document.

**Quality analysis**

To assess study quality, the guidelines of Antczak et al. \[[@B15]\] and Jadad et al. \[[@B16]\] were utilized. For each study, six quality variables were evaluated: sample size, case selection, valid methodology, statistical analysis, confounding variables, and result reporting. Sample size was considered sufficient if the power of the study was at least 0.8. Case selection quality was assessed from each study's inclusion and exclusion criteria, including whether syndromes, maternal anomalies, facial midline defects that lead to orofacial clefts, and other fetal anomalies were considered. The validity of the study methodology was based on the quality of the database used for air pollution measurement, which included the average distance from study subjects to air pollution monitoring devices, the number and density of monitoring devices, and the frequency of measurements at sites.

To assess the quality of statistical analysis, the use of appropriate models was examined for the given data, the model was considered for determining the goodness of fit, and confounding variables were analysed. Confounding variables included maternal age, ethnicity, smoking, alcohol, medications, diet, socioeconomic status, infant gender, gestational age, season of conception, and other concomitant air pollutants. The quality of results reporting was assessed by determining whether data was separated by quantitative levels of air pollutants with odds ratios and confidence intervals.

The quality of each article was ranked as low if only 2 or fewer characteristics were present, medium if 3 to 4 characteristics were present, or high if 5 to 6 characteristics were present.

**Data synthesis and analysis**

Statistical analysis was performed using the statistical software 'SPSS' version 18.0 (SPSS Inc., Chicago, IL, USA). Meta-analysis was conducted for each air pollutant using the odds ratios from all papers reviewed. Certain studies reported multiple odds ratios and all such ratios were included in our analysis. A fixed effects model with inverse variance was conducted to run the meta-analysis and is represented by odds ratios with confidence intervals (CI) calculated at the 95% level. P-values were two-tailed with α = 0.05. Odds ratios and corresponding confidence intervals were used to construct forest plots using StatsDirect tool version 2.8.0. Combined effect is also shown on the bottom of each forestplot.

RESULTS
=======

[Figure 1](#fig1){ref-type="fig"} shows a flow diagram of the search result and study selection. Eight articles were identified \[[@B12],[@B17]\] that met the inclusion criteria ([Table 1](#T1){ref-type="table"}). Most studies were judged to be of medium or high quality. Most studies used comprehensive statistical analysis, methods, and appropriate case selection with detailed inclusion and exclusion criteria. The studies, performed in the United States, Asia, England or Australia, used large retrospective birth cohorts obtained from government birth registries, to identify a large study population of several hundred thousand people, counted the total cases of cleft anomalies (ranging from 69 to 888 among the articles), then obtained from the larger population a randomly chosen sub-population of controls that was multiple times the number of cleft cases, to obtain adequate statistical power. These studies generally used air pollutant data obtained from large networks of fixed site monitoring stations, and generally used a time period of 1 to 3 months after conception when measuring air pollutant levels, since the risk of orofacial cleft formation is highest during this period post-conception \[[@B24],[@B25]\]. Most of the reviewed articles were case-control studies and measured several air pollutants, and reported an odds ratio for the development of orofacial cleft anomalies for different quartiles of air pollutant concentration.

![Flow diagram of the search result and study selection.](jomr-07-e2-g001){#fig1}

###### 

Quality analysis of reviewed articles

  --------------------------------------------------------------------------------------------------------------------------------
  Study                    Year of\      Sample\   Case\        Validity of\   Statistical\   Confounding\   Results\    Judged\
                           publication   size      selection\   methodology    analysis\      variables\     reporting   quality
                                                   quality                     adequacy       adequately\                
                                                                                              addressed                  
  ------------------------ ------------- --------- ------------ -------------- -------------- -------------- ----------- ---------
  Ritz et al. \[12\]       2002          \+        \-           \+             \+             \+             \+          High

                                                                                                                         

  Chung et al. \[17\]      2012          \-        \+           \-             \+             \-             \-          Low

                                                                                                                         

  Dolk et al. \[18\]       2010          \+        \+           \+             \+             \-             \+          High

                                                                                                                         

  Gilboa et al. \[19\]     2005          \+        \+           \+             \+             \+             \+          High

                                                                                                                         

  Hansen et al. \[20\]     2009          \-        \-           \+             \+             \-             \+          Medium

                                                                                                                         

  Hwang et al. \[21\]      2008          \+        \-           \+             \+             \+             \+          High

                                                                                                                         

  Marshall et al. \[22\]   2010          \+        \+           \+             \+             \-             \+          High

                                                                                                                         

  Rankin et al. \[23\]     2009          \-        \+           \+             \+             \+             \+          High
  --------------------------------------------------------------------------------------------------------------------------------

Chung et al. \[[@B17]\] studied the possible correlation between the risk of orofacial clefts and sunshine, Ultra-violet radiation, NO, NO~2~ and SO~2~ and O~3~. These variables were measured for the month of conception, and for 4 - 8 weeks post-conception, which is the approximate time period of fetal lip and palate development and fusion. Sunshine and UVR were measured due to their potential effect on pollution molecules. The authors tabulated 48,804 births occurring in Hong Kong from January, 2002 to December, 2009, locating among them 59 cleft examples. The authors consider Hong Kong to be an ideal geographic location for such a study since it is a small, densely populated city, and the population generally cannot escape pollutants there. The incidence of orofacial clefts inversely correlated with sunshine exposure in the first trimester and with NO~x~ at around 8 weeks post-conception, particularly for CL.

Dolk et al. \[[@B18]\] studied the possible association between exposure to air pollution and the risk of fourteen different congenital anomalies, including anomalies such as cardiac defects, Down syndrome, cystic kidney disease, hydrocephaly and CL or CP. The authors studied NO~2~, PM~10~ and SO~2~, but not CO, O~3~ or polycyclic aromatic hydrocarbons. The authors used database mappings of estimated annual mean background NO~2~, PM~10~ and SO~2~ concentrations at a 1 km by 1 km grid resolution. From 1991 - 1999, in the cities of Southampton, London, Oxford and Newcastle, England, the authors obtained information from a database of 759,993 total births, of which there were 302 examples of CP and 586 examples of CL/P. The authors found no association between any pollutant and orofacial cleft anomalies.

Gilboa et al. \[[@B19]\] focused on studying possible associations between cardiac birth defects and air pollution exposure, but also studied the association of air pollution and risk of CP and CL/P. After various specified exclusions, the authors selected 4,570 cases of cardiac and cleft diagnoses among births in seven counties of Texas (USA) with at least 10,000 births per year, and selected 3,667 controls (after exclusions) from a large pool of 607,500 births in the entire state of Texas. The study found little evidence that exposure to air pollution increased the risk of cleft examples, but found a "suggested association" between PM~10~ and CL/P.

Hansen et al. \[[@B20]\] implemented a case-control study using a population of 150,308 births occurring from January 1997 to December 2004, in Brisbane, Australia. The study correlated exposure to PM~10~, NO~2~, and SO~2~, CO and O~3~ with risk of cardiac defects and cleft defects. The authors found 302 cleft examples, that the authors matched to controls in a 5 : 1 ratio of controls to cleft examples. The authors found an increased risk of clefts with SO~2~ exposure, but a reduced risk of clefts with PM~10~ and CO exposure. However, the authors found that these results were valid only for babies born between 6 - 12 km from the air pollution monitoring sites, but were not valid for babies born between 0 - 6 km from the monitoring sites. Presumably, air pollution measurements would be more accurate the closer the subjects were to the air pollution monitor, but at these closer locations no significant results were noted. Hence, this unexpected result may be due to other unidentified sources of air pollutants such as traffic networks interspersed between monitoring stations.

Hwang et al. \[[@B21]\] created a case-control study that examined 721,289 Taiwanese newborns from 2001 to 2003, found 653 cases of CL/P, and selected from the larger population 6,530 controls (10 : 1 ratio of controls to cases). The study correlated exposure to SO~2~, NO~x~, O~3~, CO, and particulate matter of 10 micrometres or less in diameter, to the risk of clefts forming during the first three months of pregnancy. The authors found that exposure to O~3~, but not the other pollutants, was associated with an increased cleft risk.

Marshall et al. \[[@B22]\] examined if there was an association between air pollution and CL, CP, or CLP. This case-control study used a population of 690,000 births, identified 717 cases of CL/P only for babies born between February, 1998 and December, 2003, identified 12,925 controls. The study used air pollution measurements at various New Jersey, USA sites located within 40 km of the respective residences of birth mothers, measuring exposure to CO, NO~2~, O~3~, SO~2~, PM~10~ and PM~2.5~. The study found that CO exposure reduced the risk of clefts, while exposure to O~3~ and SO~2~ was associated with a weak increase in the risk of clefts.

Rankin et al. \[[@B23]\] implemented a case control study to explore the potential association between exposure of air pollution with cardiac defects, CLP, and congenital defects in several other body systems. The authors studied a population of 242,268 births in the Northern UK from 1985 to 1990, selecting from this pool 15,000 controls. The authors used measurements of black smoke and SO~2~ made within 10 km of the residence of birth mothers, but did not find a significant increased risk of CL or palate associated with exposure to these two pollutants.

Ritz et al. \[[@B12]\] selected 10,649 controls from a population of 754,030 babies born within four specified counties in California, USA from July 1990 to July 1993, and included 246 examples of CP, and 630 examples of CL/P. The study correlated exposure to CO, NO~2~, O~3~, and PM~10~ with risk of different kinds of cardiac defects, or with CL/P. The study design did not allow the authors to control for confounding factors such as maternal smoking, occupational exposures, vitamin supplement use, diet, and obesity. CO exposure had some effect on cleft risk, but no other pollutants had an effect.

Both statistically significant and insignificant results were included in this meta-analysis. Four of the reviewed studies found statistically significant evidence for an increased risk of orofacial cleft anomalies with air pollutant exposure. When considering only statistically significant results, any of the pollutants could, depending on the study, correlate with an increased risk of CL/P. Four studies found a protective relationship for pollutants and development of orofacial cleft anomalies. Most studies concluded that there was either an increased risk, or protective effect, of a particular air pollutant on the development of orofacial cleft anomalies. However, three studies were inconclusive in these regards ([Table 2](#T2){ref-type="table"}).

###### 

Summary of reviewed articles, showing outcomes for cleft palate (CP), cleft lip (CL) and cleft lip with or without palate (CL/P)

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Authors                  Location          Date          Type      Pollutants\                      Number of\   Outcomes^a^                                                      Conclusion
                                                                     measured                         cases                                                                         
  ------------------------ ----------------- ------------- --------- -------------------------------- ------------ ---------------------------------------------------------------- ------------------------------------------------------
  Ritz et al. \[12\]       California, USA   1987 - 1993   Case/\    CO, O~3~                         CP: 189\     CP and CO (3^rd^ month):\                                        Inconclusive for orofacial clefts
                                                           control                                    CL/P: 450    OR = 0.71; 95% CI: 0.52 - 0.95                                   

                                                                                                                                                                                    

  Chung et al. \[17\]      Hong Kong         2002 - 2009   Case/\    NO~x~, O~3~, SO~2~               CP: 12\      CL and NO~x~: -0.9 (P = 0.018) CL/P and NO: -0.699 (P = 0.031)   Protective effect of NO~x~\
                                                           control                                    CL/P: 47                                                                      on CL and NO on CL/P

                                                                                                                                                                                    

  Dolk et al. \[18\]       England           1991 - 1999   Cohort    NO~2~, PM~10~, SO~2~             CP: 302\     None                                                             No consistent conclusions
                                                                                                      CL/P: 586                                                                     

                                                                                                                                                                                    

  Gilboa et al. \[19\]     Texas, USA        1997 - 2000   Case/\    CO, NO~2~, O~3~, SO~2~, PM~10~   CP: 106\     CL/P and PM~10~ (23.8 - \<29 mcg/m^3^):\                         Limited risk of orofacial clefts from air pollutants
                                                           control                                    CL/P: 293    OR = 1.45; 95% CI: 1.01 - 2.07                                   

                                                                                                                                                                                    

  Hansen et al. \[20\]     Australia         1998 - 2004   Case/\    CO, NO~2~, O~3~, PM~10~, SO~2~   CP: 100\     CL/P and SO~2~:\                                                 SO~2~ increases risk of CL/P;\
                                                           control                                    CL/P: 145    OR = 1.27; 95% CI: 1.01 - 1.62\                                  PM~10~ protects against CP;\
                                                                                                                   CP and PM~10~:\                                                  CO protects against CL/P
                                                                                                                   OR = 0.69; 95% CI: 0.5 - 0.93\                                   
                                                                                                                   CL/P and CO:\                                                    
                                                                                                                   OR = 0.59; 95% CI: 0.42 - 0.8                                    

                                                                                                                                                                                    

  Hwang et al.\            Taiwan            2001 - 2003   Case/\    CO, NO~x~, O~3~, PM~10~, SO~2~   CL/P: 653    CL/P and O~3~ (16.6 ppb - 45.1 ppb):\                            Increased risk of CL/P\
  \[21\]                                                   control                                                 1^st^ month: OR = 1.2; 95% CI: 1.02 - 1.39\                      with O~3~ exposure
                                                                                                                   2^nd^ month:\                                                    
                                                                                                                   OR = 1.25; 95% CI: 1.03 - 1.52\                                  
                                                                                                                   Three-pollution model:\                                          
                                                                                                                   1^st^ month:\                                                    
                                                                                                                   OR = 1.18 - 1.2; 95% CI: 1.01 - 1.41 2^nd^ month:\               
                                                                                                                   OR = 1.21 - 1.25; 95% CI: 1.03 - 1.56                            

                                                                                                                                                                                    

  Marshall et al. \[22\]   New Jersey, USA   1998 - 2003   Case/\    CO, NO~2~, O~3~, PM~10~, SO~2~   CP: 303\     CL/P and SO~2~ (\>0.007 ppm):\                                   Increased risk of CL/P with SO~2~ exposure;\
                                                           control                                    CL/P: 414    OR = 1.6; 95% CI: 1.1 - 2.2 CP and CO (\>1.02 ppm):\             Protective effect of CO on CP
                                                                                                                   OR = 0.5; 95% CI: 0.3 - 0.7                                      

                                                                                                                                                                                    

  Rankin et al. \[23\]     England           1985 - 1990   Case/\    PM~4~, SO~2~                     CL/P: 215    None                                                             Limited power of study with many confounders
                                                           control                                                                                                                  
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^a^Only statistically significant outcomes are included.

The data were pooled and a meta-analysis was conducted for each air pollutant studied ([Table 3](#T3){ref-type="table"}). For many air pollutants, the combined odds ratio was close to 1.00, indicating a weak association between air pollutant exposure and development of orofacial cleft anomalies. A forest plot was created using the odds ratio from these studies for each air pollutant ([Figures 2 - 11](#fig2){ref-type="fig"}). If a study reported multiple odds ratio for an air pollutant, all outcomes were included on the graph. The combined effect from the meta-analysis is charted at the bottom.

###### 

Meta-analysis of the correlation between each reviewed air pollutant type and, respectively, cleft palate only (CP) or cleft lip with or without palate (CL/P)

  --------------------------------------------------------------------------------------------------------------------------
  Included studies          Air pollutant   Type of\          Number of cases   Odds ratio    95% confidence\   P-value^a^
                                            orofacial cleft                                   interval          
  ------------------------- --------------- ----------------- ----------------- ------------- ----------------- ------------
  Gilboa et al. \[19\]\     CO              CL/P              1,955             1             0.98 - 1.02       0.89
  Hansen et al. \[20\]\                                                                                         
  Hwang et al. \[21\]\                                                                                          
  Marshall et al. \[22\]\                                                                                       
  Rankin et al. \[23\]                                                                                          

                                                                                                                

  Ritz et al. \[12\]\       CP              698               0.88              0.78 - 0.99   0.03              
  Gilboa et al. \[19\]\                                                                                         
  Hansen et al. \[20\]\                                                                                         
  Marshall et al. \[22\]                                                                                        

                                                                                                                

  Dolk et al. \[18\]\       NO~x~           CL/P              2,138             0.98          0.91 - 1.06       0.66
  Gilboa et al. \[19\]\                                                                                         
  Hansen et al. \[20\]\                                                                                         
  Hwang et al. \[21\]\                                                                                          
  Marshall et al. \[22\]                                                                                        

                                                                                                                

  Dolk et al. \[18\]\       CP              823               0.84              0.71 - 1      0.04              
  Gilboa et al. \[19\]\                                                                                         
  Hansen et al. \[20\]\                                                                                         
  Marshall et al. \[22\]                                                                                        

                                                                                                                

  Ritz et al. \[12\]\       O~3~            CL/P              1,955             1.08          1.01 - 1.16       0.02
  Gilboa et al. \[19\]\                                                                                         
  Hansen et al. \[20\]\                                                                                         
  Hwang et al. \[21\]                                                                                           

                                                                                                                

  Ritz et al. \[12\]\       CP              698               1.08              0.95 - 1.22   0.23              
  Gilboa et al. \[19\]\                                                                                         
  Hansen et al. \[20\]\                                                                                         
  Marshall et al. \[22\]                                                                                        

                                                                                                                

  Dolk et al. \[18\]\       PM~10~          CL/P              2,091             1             0.98 - 1.03       0.76
  Gilboa et al. \[19\]\                                                                                         
  Hansen et al. \[20\]\                                                                                         
  Hwang et al. \[21\]\                                                                                          
  Marshall et al. \[22\]                                                                                        

                                                                                                                

  Dolk et al. \[18\]\       CP              811               1.02              0.88 - 1.19   0.78              
  Gilboa et al. \[19\]\                                                                                         
  Hansen et al. \[20\]\                                                                                         
  Marshall et al. \[22\]                                                                                        

                                                                                                                

  Dolk et al. \[18\]\       SO~2~           CL/P              2,306             1.02          0.92 - 1.11       0.75
  Gilboa et al. \[19\]\                                                                                         
  Hansen et al. \[20\]\                                                                                         
  Hwang et al. \[21\]\                                                                                          
  Marshall et al. \[22\]\                                                                                       
  Rankin et al. \[23\]                                                                                          

                                                                                                                

  Dolk et al. \[18\]\       CP              811               0.99              0.88 - 1.13   0.91              
  Gilboa et al. \[19\]\                                                                                         
  Hansen et al. \[20\]\                                                                                         
  Marshall et al. \[22\]                                                                                        
  --------------------------------------------------------------------------------------------------------------------------

^a^Meta-analysis was performed using a fixed effects model with inverse variance, with P \< 0.05 considered statistically significant.
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The type of air pollutant that was positively or negatively correlated to orofacial cleft anomalies differed between most studies. None of the five pollutants always showed a correlation with CP or CL/P. However, O~3~ was associated with an increased risk of both CL/P and CP in all but one study. CO and NO~x~ exposures correlated with a reduced risk of orofacial clefts, which is an unexpected result, given the reported associations of CO and NO~x~ with other fetal anomalies \[[@B8]\]. However, this negative correlation may represent a type I error \[[@B20]\]. O~3~ (increased risk) and CO (decreased risk) were the only air pollutants to have combined odds ratios that reached statistical significance in our meta-analysis ([Table 4](#T4){ref-type="table"}). In this meta-analysis, there was no obvious difference in odds ratios between CL/P versus CP.

###### 

Risk of cleft lip with or without palate (CL/P), and cleft palate only (CP), for each air pollutant

  -------------------------------------------------------------------------------
  Study                    Type of\          CO   NO~x~   O~3~   PM~10~   SO~2~
                           orofacial cleft                                
  ------------------------ ----------------- ---- ------- ------ -------- -------
  Ritz et al. \[12\]       CL/P              I    ▬       I      ▬        ▬

                                                                          

  CP                       I                 ▬    I       ▬      ▬        

                                                                          

  Chung et al. \[17\]      CL/P              ▬    ↓       ▬      ▬        ▬

                                                                          

  CP                       ▬                 ↓    ▬       ▬      ▬        

                                                                          

  Dolk et al. \[18\]       CL/P              ▬    ↓       ▬      ↓        ↓

                                                                          

  CP                       ▬                 ↓    ▬       ↓      ↑        

                                                                          

  Gilboa et al. \[19\]     CL/P              ↑    ↓       ↑      ↑        ↓

                                                                          

  CP                       ↑                 ↑    ↑       ↑      ↑        

                                                                          

  Hansen et al. \[20\]     CL/P              ↓    ↑       ↓      ↑        ↑

                                                                          

  CP                       ↓                 ↓    ↓       ↓      ↓        

                                                                          

  Hwang et al. \[21\]      CL/P              ↔    ↓       ↑      I        ↓

                                                                          

  CP                       ↔                 ↓    ↑       ↔      ↓        

                                                                          

  Marshall et al. \[22\]   CL/P              ↑    I       ↑      I        ↑

                                                                          

  CP                       ↓                 I    ↑       I      I        

                                                                          

  Rankin et al. \[23\]     CL/P              ▬    ▬       ▬      ▬        I

                                                                          

  CP                       ▬                 ▬    ▬       ▬      ▬        
  -------------------------------------------------------------------------------

I = inconsistent results; ▬ = outcome not measured; ↑ = increased; ↓ = decreased; ↔ = no change.

Other studies (too recent to include in this meta-analysis) show inconsistent associations between air pollution and CLP. Guirguis et al. \[[@B26]\] found a non-significant inverse association between PM~2.5~ and CP (OR = 0.89; 95% CI: 0.54, 1.46), and PM~2.5~ and CL/P (OR = 0.76; 95% CI: 0.5, 1.1). Tanner et. al \[[@B27]\] found an association between orofacial clefts and maternal exposure to benzene (a variable not studied in this meta-analysis), but no significant association between orofacial clefts and maternal exposure to PM~2.5~.

Zhu et al. \[[@B28]\] studied a cohort of 188,102 births taken from a database of electronic health records, gathered from multiple centers around the United States, that was collected by the Consortium on Safe Labor. In this cohort, 63 newborns showed CP and 159 newborns showed CL/P. During gestational weeks 3 - 8, the authors found that CO exposure was associated with CP (OR = 2.74; 95% CI: 1.62, 4.62), as was NO~x~ (OR = 3.64; 95% CI: 1.73, 7.66) and also PM~2.5~ (OR = 1.74; 95% CI: 1.15, 2.64). These odds ratios are relatively higher than the other odds ratios reported in this meta-analysis, which also reflects the inconsistent associations between maternal exposure to air pollutants and orofacial cleft development in the newborn.

DISCUSSION
==========

In one study, an increased risk of CL/P with O~3~ exposure was found for the first and second month post-conception, but not after the third month \[[@B21]\]. This fits with the idea that the highest risk period for exposure to air pollution is during 5 to 10 weeks after conception \[[@B24],[@B25]\]. Another study found a statistically significant positive correlation between CL, with or without palate, and PM~10~ exposure, in a group exposed to concentrations of 23.8 - 29 mcg/m^3^, but did not find this correlation in the 29 mcg/m^3^ or greater group \[[@B19]\].

There are several factors that could explain the inconsistency of the correlation between orofacial clefts and air pollutants. Orofacial cleft anomalies are relatively rare. Therefore, there may not have been a sufficient number of subjects in the present meta-analysis to elucidate consistent correlation trends. Also, most articles used registries to find cases and determine mothers' addresses at birth, which were then mapped and correlated to air pollution using a software program. Hence, none of the studies tracked residential mobility that may have occurred during pregnancy. Up to 32% of pregnant women may change residence between conception and birth \[[@B29]\]. Additionally, certain studies did not consider important confounders, including smoking, maternal age, and socioeconomic status.

In each of the reviewed articles, air pollutant levels were determined through a database, which collects information from air monitoring stations scattered throughout the area \[[@B28]\]. Distances from the station to homes were usually several kilometres. The studies did not account for automobile traffic and road networks interspersed between monitors and homes, the largest source of these air pollutants. Pregnant women vary in their air pollution exposure due to the amount of time pregnant women spend indoors, during travel, or through occupational exposures. Database air pollutant levels do not account for this air pollution exposure variation.

The authors suggest that future studies regarding air pollutants and orofacial clefts should account for confounders such as maternal age, paternal age, ethnicity, smoking, alcohol, medications, diet, socioeconomic status, access to prenatal care and vitamins, infant gender, multiple gestations, gestational age, season of conception, chromosomal anomalies, and other air pollutants. Cases should be divided into CP only and CL/P to be consistent with prior studies.

Outcomes should be categorized by air pollutant level instead of time after conception as prior studies have done. When categorizing air pollutant concentration by quartile to measure outcomes, a more standardized categorization should be sought to help simplify and improve the quality of future reviews. Finally, a different method of measuring air pollutant exposure should be used in future studies. Using monitoring stations at least several kilometres away from homes while not accounting for traffic networks can significantly alter the accuracy of true air pollutant exposure. A more successful model would track individual exposure to air pollution. A recent study used backpacks carried by participants to measure air pollutant levels \[[@B30]\]. The authors believe that following these recommendations will improve future study quality and more thoroughly reveal the relationship between air pollutants and orofacial cleft anomalies.

CONCLUSIONS
===========

Based on this meta-analysis, ozone was most consistently associated with an increased risk of orofacial cleft anomalies compared to other air pollutants, while carbon monoxide and nitrogen oxides correlated with a reduced risk of orofacial clefts. A consistent linear or dose-response relationship between any one air pollutant and orofacial cleft anomalies was generally not found among the reviewed studies, indicating the need for further studies that more precisely account for confounding factors.
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